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[1] The landscape response to climate change is frequently investigated with models
because natural experiments on geologic timescales are rare. In Quebrada Veladera, in the
western Andes Mountains, the formation of alluvial terraces during periods of high
precipitation presents opportunities for such an experiment. We compare drainage-average
erosion rates during Pleistocene terrace deposition with Holocene rates, using cosmogenic
10Be samples for seven pairs of quartz sand taken from the trunk and tributaries of Quebrada
Veladera and adjacent terraces. Each pair consists of sediment collected from the modern
channel and excavated from an adjacent ﬁll terrace. The terrace ﬁll was deposited at ~16 ka
and preserved an isotopic record of paleoerosion rates in the Late Pleistocene. Modern sands
yield 10Be concentrations between 1.68 × 105 and 2.28 × 105 atoms/g, corresponding to
Holocene erosion rates between 43 ± 3 and 58 ± 4mm/kyr. The 10Be concentrations in
terrace sands range from 9.46 × 104 to 3.73 × 105 atoms/g, corresponding to paleoerosion
rates from 27 ± 2 to 103 ± 8mm/kyr. Smaller, upstream tributaries show a substantial decline
in erosion rate following the transition from a wet to dry climate, but larger drainage areas
show no change. We interpret this trend to indicate that the wetter climate drove landscape
dissection, which ceased with the return to dry conditions. As channel heads propagated
upslope, erosion accelerated in low-order drainages before higher-order ones. This contrast
disappeared when the drainage network ceased to expand; at that point, erosion rates
became spatially uniform, consistent with the uniformity of modern hillslope gradients.
Citation: McPhillips, D., P. R. Bierman, T. Crocker, andD. H. Rood (2013), Landscape response to Pleistocene-Holocene
precipitation change in theWestern Cordillera, Peru: 10Be concentrations in modern sediments and terrace fills, J. Geophys.
Res. Earth Surf., 118, 2488–2499, doi:10.1002/2013JF002837.
1. Introduction
[2] The response of landscapes to Quaternary climate
change is a fundamental concern of geomorphology
[National Research Council, 2010]. In regions such as
coastal Peru, Quaternary sedimentary deposits are often
interpreted as proxies for Pleistocene-Holocene climate
change or variability in El Niño–Southern Oscillation
(ENSO) [Sandweiss et al., 2001; Keefer et al., 2003;
Ortlieb and Vargas, 2003; Sandweiss, 2003; Trauth et al.,
2003; Steffen et al., 2009, 2010]. Many climatic
interpretations rely on concepts developed in modern land-
scapes because landscape responses are difﬁcult to determine
on geologic timescales [Harvey, 2005; Dorn, 2009; Enzel
et al., 2012]. Recently, work has begun to address this limita-
tion by establishing chronologies for detailed stratigraphic
relationships among terrace ﬁlls, alluvial fans, and soils
[Anders et al., 2005; Harvey and Pederson, 2011; Enzel
et al., 2012]. In this study, we take a different approach and
use cosmogenic 10Be to compare Pleistocene and Holocene
drainage-scale erosion rates. Our aim is to measure the land-
scape response to climate change, especially in terms of land-
scape dissection and annealing.
[3] Concentrations of 10Be and other cosmogenic radionu-
clides are often interpreted in terms of drainage average ero-
sion rates [Brown et al., 1995; Bierman and Steig, 1996;
Granger et al., 1996; Von Blanckenburg, 2005] or rates of
transport or mixing [Bierman and Nichols, 2004].
Pleistocene-Holocene changes in erosion rates are detected
by measuring cosmogenic isotope concentrations in sedi-
mentary archives, such as deposits of ﬂuvial sediment
[Schaller et al., 2002; Schaller and Ehlers, 2006; Fuller
et al., 2009; Wittmann et al., 2011a; Davis et al., 2012].
For example, Schaller et al. [2002] used 10Be to show that
erosion rates from modern sediments of the Meuse River,
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in northern Europe, are 50% lower than paleoerosion rates
from nearby alluvial terraces. They interpreted this change
to reﬂect the decline of periglacial processes following the
Last Glacial Maximum. Even in drainages with large ﬂood-
plains, such as the Amazon, most 10Be is produced on the
hillslopes, either in regolith or near-surface bedrock, rather
than during transport by streams [e.g., Heimsath et al.,
1997, 1999; Wittmann and Von Blanckenburg, 2009]. The
burial of sedimentary archives often preserves the 10Be con-
centration inherited from the hillslopes by limiting in situ
cosmogenic production [Cox et al., 2009].
[4] Large drainages may mask the landscape response to
changes in climate or land use because of buffering from
sediment storage or because the changes are not uniform over
the drainage area [Graf, 1987; Anders et al., 2005]. For
example, at the outlets of the Amazon and the Nile Rivers,
the absence of a detectable glacial-interglacial change in
10Be concentration has been attributed to buffering by
reworking of ancient sediment in ﬂoodplains [Wittmann
et al., 2011a; Davis et al., 2012]. Very small drainages are
problematic for the opposite reason: There is not enough
capacity for sediment mixing to average the effects of large,
stochastic events such as landslides [Niemi et al., 2005;
Yanites et al., 2009]. As a result, the most clear-cut results
regarding the geomorphic controls on landscape response
are likely to come from studies that focus on moderately
sized, upland drainages.
[5] Here we present a detailed cosmogenic nuclide investi-
gation of a mountainous drainage in the northwestern
foothills of the Andean Altiplano. This drainage, Quebrada
Veladera, is a tributary of the Pisco River. Steffen et al.
[2009] dated alluvial terraces along the Pisco using infrared
stimulated luminescence (IRSL). We correlate two of the
Pisco terraces with contiguous terraces in Quebrada
Veladera. The correlation indicates that the lower terrace ﬁll
in Quebrada Veladera was deposited at ~16 ka, synchronous
with a paleolake highstand on the Altiplano [Placzek et al.,
2006]. We report 10Be concentrations in paired sand samples
collected from the 16 ka terrace ﬁll as well as the modern
channel of the trunk stream and its tributaries. We use
these data to directly compare erosion rates under the
contemporary climate with Late Pleistocene rates. At the
latitude and elevation of Quebrada Veladera (~13.7°S, 900
to 3900m), the Late Pleistocene climate was wetter than it
is today but still too warm to support glacial ice [Klein
et al., 1999; Ramage et al., 2005; Smith et al., 2005]. We ex-
amine the spatial and temporal variability of erosion rates in
order to assess landscape-scale geomorphic process. We also
address the implications of landscape response for the Late
Pleistocene climate.
Figure 1. (a) Geologic map of Quebrada Veladera. 10Be sample sites are shown as black circles with the
labels used in Table 2. The stream channels are traced in white. Only the drainage area with quartz-bearing
bedrock (granodiorite and tonalite) was used to calculate 10Be production rates. (b) Location map position-
ing Quebrada Veladera relative to South America and predominant sources of winds and moisture. Lake
Titicaca and Salar de Uyuni are sites with records of Quaternary paleolake levels. The boundary of the
Altiplano is deﬁned here by its internal drainage basin. (Geologic map modiﬁed from Diaz and Landa
[1970] and Davila [1979]. Location map modiﬁed from Placzek et al. [2006]).
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2. Background
2.1. Geologic Setting
[6] The ﬁeld site for this study, Quebrada Veladera, is a
moderately sized (315 km2) tributary of the Pisco River. The
Pisco drains an area from the northern edge of the Andean
Altiplano to the Paciﬁc Coast (Figure 1). Alluvial terraces
are preserved along its banks between the Paciﬁc coast and a
knickzone at about 3 km elevation, 80 km inland [Steffen
et al., 2009]. Three terrace levels are present along the Pisco:
T1, T2, and T3. IRSL dates from these terraces suggest that
the two largest formed in the late Quaternary, coincident with
periods of high water in Altiplano paleolakes: the Tauca and
Minchin/Inca Huasi lake cycle highstands. Steffen et al.
[2009] interpreted the timing to indicate that the terraces
formed in response to an increase in the amount and intensity
of precipitation, as suggested by modeling [e.g., Tucker and
Slingerland, 1997]. In this view, enhanced precipitation in-
creased transport capacity in the drainage during the paleolake
highstands [e.g., Placzek et al., 2006], thereby shifting
sediment from hillslopes into ﬁll deposits along the trunk
stream. Planation and incision, forming the terraces, began
as the hillslope sediment supply was exhausted but before
the climate reverted to the modern, arid state. At the preci-
sion of the IRSL dates, the deposition of terrace ﬁlls was
contemporaneous with paleolake highstands (Table 1).
[7] Quebrada Veladera joins the Pisco in the Andean foot-
hills, 55 km from the coast, and just downstream from an
IRSL sampling site [Steffen et al., 2009] (Figure 1). The
quebrada contains two alluvial terraces, which we correlate
with the Pisco River terraces T1 and T2 based on height and
stratigraphy. Large, trenched alluvial fans may be the local
expression of the T3 terrace ﬁll [e.g., Rigsby et al., 2003;
Steffen et al., 2010]. In the quebrada, we term the higher terrace
Q1 and the lower terrace Q2. This reﬂects the numbering of the
Pisco River terraces by Steffen et al. [2009]. IRSL dates link Q1
and T1 (54 to 38 ka) with the Minchin/Inca Huasi paleolake
highstand and Q2 and T2 (24 to 16 ka) with the Tauca
highstand(s). T3 is younger, dated at 11 to 4 ka.
[8] It is possible to walk along the T2 terrace surface above
the Pisco River channel directly onto the Q2 surface in
Quebrada Veladera, interrupted only brieﬂy by highway ﬁll
material. At the mouth of the quebrada, the T2 surface
transitions into Q2 at a constant height of ~8m above both
channels. The Q2 terrace continues upstream for more
than 20 km as a nearly continuous surface that is usually
paired across the stream channel (Figure 2). The sediment ﬁll
below the Q2 surface is characterized by thickly bedded,
clast-supported conglomerates, and massive silty sands
(Figure 3). Diamicts are also common, especially in associa-
tion with tributary conﬂuences and alluvial fans. These strata
are typically matrix supported, with angular to subangular
clasts and monomict lithologies, but they show substantial
variability. The base of the Q2 ﬁll is frequently in direct con-
tact with bedrock.
[9] The T1 terrace stands more than 50m above the Pisco
River and appears to transition into the Q1 terrace at a similar
height in Quebrada Veladera. However, Q1 is discontinuous
within the quebrada. It frequently exists only as a thin strip of
conglomerate or diamict hanging on the valley wall, 30m or
more above the channel. Diamicts appear more common in
the Q1 terrace ﬁlls than below the Q2 level, but the compar-
ison is uncertain due to limited exposure.
[10] The terrace stratigraphy in Quebrada Veladera agrees
closely with the description of Pisco River terrace ﬁlls
[Steffen et al., 2009]. We interpret conglomerate beds as
recording perennial ﬂow in a braided stream. Imbricated cobble
beds probably represent longitudinal bars, while silty sands
record slackwater deposition following ﬂood peaks [Miall,
1996]. Limited sorting and subangular to subrounded clasts
suggest that transport took place over short distances and at
high velocities. Nonetheless, polymict lithogies are representa-
tive of upstream bedrock and indicate substantial mixing
during transport. Diamicts record locally sourced mass move-
ments [Costa, 1988] and debris ﬂow deposits. We interpret
their variability to primarily reﬂect differences in the sediment
concentration and transport distance of individual events.
[11] Terrace ﬁll deposition probably occurred continu-
ously, at least at the outcrop scale. This is evidenced by the
absence of large-scale scours or paleosols anywhere in the
section to indicate extended depositional hiatuses. Shallow
debris ﬂows appear to contribute substantially to the modern
sediment load (Figure 3) and were probably important during
ﬁll terrace deposition as well [Mettier et al., 2009; Steffen
et al., 2009, 2010]. Without a detailed chronology of the stra-
tigraphy, it is difﬁcult to correlate individual depositional
events along the length of the terrace. The absence of organic
matter in the ﬁll deposits precludes a 14C chronology. The
overall ﬁning upward in the Q2 ﬁll may indicate that terrace
Table 1. Chronology of Pisco River Terraces and Paleolake Highstands
Terrace Name Terrace Agea (ka) Highstand Name Highstand Age (ka)
T1 54 to 38 Minchinb 50 to 41
T2 24 to 16 Taucac 25 to 11
T3 11 to 4 - -
aRange of infrared-stimulated luminescence ages reported by Steffen
et al. [2009].
bWe follow the naming convention of Steffen et al. [2009]. Recent work
favors a shorter, smaller highstand named Inca Huasi (45 to 47 ka)
[Placzek et al., 2006].
cAgain, we follow Steffen et al. [2009]. Placzek et al. [2006] divide the
Tauca into the Sajsi (24 to 20 ka), the Tauca proper (18 to 14 ka), and the
Coipasa (13 to 11 ka).
Figure 2. Photo looking north, taken downstream from
sample site S11. The Q1 and Q2 terraces are labeled.
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incision followed a decline in sediment supply from the
hillslopes of the drainage (Figure 3).
[12] Modern streams in our ﬁeld area are dry for most of
the year and appear to be transport limited. The channels
contain longitudinal bars that are characterized by subangular
to subrounded cobbles and boulders. The lithologies are di-
verse and representative of upstream bedrock. Although the
channels are typically in sediment, bedrock is regularly ex-
posed throughout the drainage network.
[13] The majority of the bedrock in Quebrada Veladera is
Coastal Batholith, primarily quartz-bearing granodiorite and
tonalite that crystallized in the Cretaceous [Diaz and
Landa, 1970; Davila, 1979]. The headwaters contain sub-
stantial amounts of Upper Cretaceous and Tertiary cover
rocks, including limestone, shale, and andesite (Figure 1).
Andesite hand samples and thin sections contain a few per-
cent or less quartz, while the crystalline batholith contains
20% or more. The batholith is therefore the dominant source
of sand-size quartz in stream sediment.
2.2. Climatic Setting
[14] The present climate is extremely dry in Quebrada
Veladera. Vegetation is limited to sparse cacti at higher
elevations and brush along the wetter channel reaches.
Precipitation averages less than 200mm/yr in this region and
decreases to near zero at the coast [Agteca, 2010]. Along the
coast, however, precipitation amounts have substantial
interannual variability. In typical years, easterly winds deliver
moisture from the Amazon Basin, but in strong El Niño years,
westerly winds from the Paciﬁc deliver substantially more
precipitation to the coast [Mettier et al., 2009]. These westerly
winds also inhibit moisture transport from the Amazon, leading
to dryness on the Altiplano [Garreaud et al., 2003].
[15] In the past, the climate was occasionally wetter. Drill
cores and paleoshorelines on the Altiplano show at least
two major transgressions of lakes and salars since 140 ka
[Thompson et al., 1998; Baker et al., 2001a, 2001b;
Thompson et al., 2003; Fritz et al., 2004; Placzek et al.,
2006]. Trangressions and highstands are widely interpreted
Figure 3. Character of the Q2 terrace. (a) Photo of the Q2 terrace at site S03. (b) Stratigraphic log at S03,
which is representative of the Q2 terrace. (c) Detail of imbricated clasts. (d) A small, modern tributary
(~1 km2) characterized by shallow debris ﬂow channels.
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as periods of increased precipitation, with the caveat that lake
levels are a function of basin geometry as well as precipita-
tion. The 14C and U-Th dates give consistent chronologies,
indicating that the Altiplano was relatively wet from about
25 to 11 ka, which is a period generally termed the Tauca lake
cycle [e.g., Baker et al., 2001b; Placzek et al., 2006].
Depending on the proxy and the dating method, the Tauca
may have consisted of a single highstand [e.g., Baker et al.,
2001b] or three shorter cycles, termed Sajsi, Tauca, and
Coipasa [Placzek et al., 2006]. Here we simply refer to the
Tauca highstand. Several paleolake cycles occurred prior to
this event. A widely recognized highstand from 50 to 41 ka
is termed either Minchin [e.g., Baker et al., 2001b; Fritz
et al., 2004] or Inca Huasi [Placzek et al., 2006]. Gamma
radiation logs from lake sediment cores suggest that this lake
cycle was at least as deep as Tauca, but paleoshorelines
suggest a smaller and briefer transgression. The causes of
Altiplano paleolake cycles remain a matter of dispute [e.g.,
Placzek et al., 2006]. Enhanced moisture delivery from the
Amazon Basin may have been driven by changes in summer
insolation, Paciﬁc sea surface temperature, or other factors
[Garreaud et al., 2003; Wang et al., 2004; Garreaud et al.,
2009]. Regardless of the cause, it is likely that easterly winds
brought additional moisture to the Western Cordillera as well
as to the Altiplano [Garreaud et al., 2003].
[16] The strength of ENSO during the Quaternary remains a
matter of debate. ENSO is relevant because El Niño events in
historic time bring large storms and anomalously high
amounts of precipitation to the coast of Peru [Mettier et al.,
2009]. The correlation between historic El Niño events and en-
hanced coastal precipitation is strongest in northern Peru. Near
Quebrada Veladera, the correlation is weaker or even reversed,
and El Niño events are correlated with aridity for much of the
year [Lagos et al., 2008]. Several studies suggest that the ef-
fects of El Niño on storms and precipitation were probably
weaker than today until at least 5 ka [Rollins et al., 1986;
Rodbell et al., 1999; Moy et al., 2002]. Others suggest that
ENSO variability had a strong effect in the Early Holocene
[Keefer et al., 2003; Rein et al., 2005; Makou et al., 2010]. It
is also possible that Early Holocene precipitation variability
was present but was driven by atmospheric ﬂuctuations other
than ENSO [Rodbell, 1992; Vargas, 2006].
3. Methods
3.1. Field Methods
[17] We collected paired sediment samples at seven locali-
ties within Quebrada Veladera for in situ cosmogenic 10Be
analyses. Samples were taken within the four largest tribu-
taries in the quebrada and at three sites along the trunk valley
(Figure 1). Each sampling site had a clear expression of the
lower terrace, Q2, which we correlate with the Tauca lake
cycle (Table 1). Modern sediment samples were collected from
the thalweg of the channel, which ﬂows only intermittently.
The terrace samples were collected from pits dug >50 cm into
the base of the lower terrace at locations that showed evidence
of paleostream ﬂow, including rounded and imbricated clasts.
In order to ensure that the samples were well mixed and repre-
sentative of the upstream drainage area, we avoided sampling
near alluvial fans and debris ﬂow deposits, which were usually
deposited locally. We sieved samples in the ﬁeld and retained
the 250 to 850μm size fraction. We identiﬁed the lithology
of clasts and bedrock in hand samples and conﬁrmed ﬁeld
identiﬁcations with representative thin sections.
3.2. Stream Morphology
[18] Before evaluating erosion rate changes in response to
climate forcing, we ﬁrst constrained the potential for
transient features in the stream system. Transients might
result from changes in base level [Abbühl et al., 2011] or
climate [Abbühl et al., 2010] and could complicate the inter-
pretation of spatially variable erosion rates. We identiﬁed
knickzones using longitudinal channel proﬁles and slope-
area plots. Plots were built from 30 m resolution Advanced
Spaceborne Thermal Emission and Reﬂection Radiometer data
[National Aeronautics and Space Administration (NASA),
2006] using the extraction methods of Wobus et al. [2006].
3.3. Laboratory Methods
[19] Quartz was puriﬁed from sediment samples using
standard methods [Kohl and Nishiizumi, 1992]. Following
magnetic separation, sediments were ultrasonically etched:
twice in heated 6N HCL, 3 times in heated 1% HF-HNO3,
and once in heated 0.5% HF-HNO3. Any puriﬁed quartz
sample that contained more than about 150 ppm Al was
etched again in 0.5% HF-HNO3.
[20] Beryllium was extracted from quartz at the University
of Vermont Cosmogenic Laboratory. The 10Be was extracted
from 18 to 22 g of puriﬁed quartz, after the addition of ap-
proximately 250μg of 9Be carrier made from beryl and cali-
brated to SPEX 1000 ppm standard. One process blank was
included for every 11 samples. Following dissolution in hot
HF, Be and Al were separated by ion-exchange chromatogra-
phy, precipitated as hydroxide gels, and ﬁnally ignited to
form oxides [Corbett et al., 2011].
[21] Accelerator mass spectrometer (AMS) measurements
were made at Scottish Universities Environmental Research
Centre [Xu et al., 2010], using a 1:1 mixture of BeO and
Nb metal packed in copper cathodes. All standards were
normalized to NIST standard material with a reported
10Be/9Be ratio of 2.79 × 1011 and a 10Be half-life of
1.387 Myr [Nishiizumi et al., 2007; Chmeleff et al., 2010].
Process blank ratios averaged 2.84× 1016 ± 7.91×1017 for
twomeasurements, amounting to 0.003 to 0.43% of the sample
ratios. The background ratio, at the level of the mean process
blank, was subtracted from each sample ratio before calculating
concentrations with propagated uncertainties.
3.4. Erosion Rate Calculation
[22] Model erosion rateswere calculated using theCRONUS-
Earth 10Be–26Al Erosion Rate Calculator Version 2.2.1 [Balco
et al., 2008]. The calculation employed a constant production
rate model and the scaling scheme for spallation of Lal [1991]
and Stone [2000], assuming rock density of 2.75 g/cm3
and standard atmosphere. Version 2.2.1 of the CRONUS cal-
culator uses a reference spallogenic 10Be production rate of
4.49 ± 0.39 atoms g1 yr1 (± 1σ, sea level, high latitude
(SLHL)) and muonogenic production after Heisinger et al.
[2002a, 2002b]. Our results and interpretation are not sensitive
to our choice of scaling method (maximum of 11%
difference), particularly because our interpretation is primarily
based on internal comparison among our samples, and
different scaling schemes shift these values systematically.
For each sample entered into CRONUS, we ﬁrst calculated
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an effective elevation, which is the scalar value that reproduces
the hypsometrically weighted mean production rate of the
sample’s upstream drainage area (as suggested by Balco
et al. [2008]). We omitted low-quartz bedrock areas (such as
andesite or gabbro) from the production calculations because
they contribute insigniﬁcant amounts of quartz to our samples
(Figure 1). We did not correct for topographic or snow
shielding; topographic shielding is 1.5 to 2.5% at all sampling
locations, and the drainage has probably never had perennial
snow cover [Klein et al., 1999; Smith et al., 2005]. Because
we observed that the terrace thickness decreased systemati-
cally from about 9 to 3m between our lowest and highest sam-
pling sites, we corrected terrace samples for postdepositional
10Be production by neutron spallation, using a density of
2.0 g/cm3, an attenuation length of 160 g/cm2 [Gosse and
Phillips, 2001], and an approximate terrace age of 16 ka. We
ignored production by muons for this correction because they
attenuate slowly with depth, imparting a much less systemic
error, and because they are responsible for at most a few per-
cent of the total surface cosmogenic production at sea level
[Heisinger et al., 2002a, 2002b]. The postdepositional produc-
tion correction changed the erosion rates recorded in the ter-
race by a maximum of 6.5%. We did not correct terrace
samples for the radioactive decay during the time since depo-
sition; the half-life is long enough [Chmeleff et al., 2010] that
only a tiny fraction of the initial 10Be has decayed since
~16 ka. We used external uncertainties when plotting our re-
sults because they are the most conservative estimates of un-
certainty [Balco et al., 2008].
4. Results
4.1. Modern Stream Proﬁles
[23] Slope-area plots and longitudinal proﬁles reveal
knickzones in three of the four major tributaries of
Quebrada Veladera (Figure 4). In each case, the knickzone
is located near the point where the stream channel crosses a
bedrock lithologic boundary. The fourth major tributary,
upstream from S09, shows no evidence of a knickzone; the
bedrock along the channel is uniform granodiorite,
supporting the idea that the knickzones were lithologically
controlled. No major faults has been mapped in Quebrada
Veladera, and it is difﬁcult to connect all three knickzones
on a straight line (such as an unmapped fault) or at an eleva-
tion contour (suggesting a uniform response to base level
change) [Wobus et al., 2006].
Figure 4. Slope-area plots and longitudinal proﬁles for each major tributary within Quebrada Veladera: (a)
S06, (b) S07, (c) S09, and (d) S11. Crosses and squares represent the channel gradients with different degrees
of smoothing. Channel elevations are plotted as lines. Arrows indicate bedrock lithologic boundaries.
Figure 5. Plot of Holocene and Late Pleistocene erosion rates.
Rates were calculated from 10Be concentrations both in modern
stream sands collected from the active channel and in sand-size
sediment excavated from the base of the Q2 terrace ﬁll.
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[24] The close association of knickzones and bedrock
boundaries suggests that the modern channel is not
experiencing an ongoing response to climatic or tectonic
forcing. Instead, the channel is probably near its graded pro-
ﬁle with respect to the local differences in bedrock strength.
This interpretation is consistent with Quebrada Veladera’s
position below the major knickzone on the Pisco River,
which is thought to have formed in response to surface uplift
at ~10Ma [Abbühl et al., 2011]. As a result, Quebrada
Veladera is a relatively blank slate for evaluating climatic
forcing on Pleistocene-Holocene timescales.
4.2. Cosmogenic 10Be Erosion Rates
[25] Cosmogenic erosion rates from modern stream sedi-
ments are uniform throughout the drainage (Figure 5).
Modern sands yield 10Be concentrations between 1.68 × 105
and 2.28 × 105 atoms/g, which correspond to drainage-
average erosion rates between 43 ± 3 and 58 ± 4mm/kyr
(Table 2). The mean rate is 49mm/kyr and the median is
48mm/kyr. In contrast, erosion rates from Late Pleistocene
samples vary by more than a factor of 3. The terrace 10Be
concentrations range from 9.46 × 104 to 3.73 × 105 atoms/g,
which correspond to paleoerosion rates between 27 ± 2 and
103 ± 8mm/kyr when postdepositional in situ production
has been removed. The mean rate is 57mm/kyr and the
median is 49mm/kyr. The erosion rates from modern and
terrace samples are correlated: Slightly faster erosion rates
in the modern samples predict substantially faster rates in
the terrace samples (Figure 5).
[26] The 10Be concentrations in the Q2 terrace ﬁll were
inherited from 10Be production that took place prior to
deposition. Following Schaller et al. [2002], we interpret
the 10Be concentrations from these deposits as paleoerosion
rates. The 10Be-derived erosion rates integrate instantaneous
erosion rates over the duration (depth) of 10Be production,
weighted toward the most recent rates [e.g., Bierman and
Steig, 1996]. The integration timescale is set principally by
the time that a sample spends moving through a column of
hillslope regolith [e.g., Heimsath et al., 1997, 1999;
Wittmann and Von Blanckenburg, 2009]. The e-folding time-
scale for integration is about 12 kyr at an average erosion rate
of 50mm/kyr. Therefore, the terrace samples provide a
weighted average of the hillslope erosion rate during the
~12 kyr prior to the deposition of the Q2 ﬁll in the Late
Pleistocene. In contrast, the 10Be concentrations in modern
sediment reﬂect erosion rates since ~12 ka, weighted toward
the Late Holocene. Although 10Be concentrations provide
only minimum estimates of erosion rates during short-lived
excursions, the method is sensitive enough to capture Late
Pleistocene-Holocene changes (supporting information).
[27] Late Pleistocene erosion rates are as much as 80%
higher than the Holocene rates in the tributaries. In contrast,
Late Pleistocene and Holocene erosion rates are nearly
identical near the outlet of Quebrada Veladera. This contrast
reﬂects a correlation between drainage area and response ratio,
which we deﬁne as the Late Pleistocene rate divided by the
Holocene rate (Figure 6). The tributary upstream from sample
S07 is an outlier, a small drainage with a response ratio less
than 1. The correlation, including the outlier at S07, is robust
and independent of many of our choices in the analysis. For
example, the correlation exists regardless of the choice of pro-
duction scaling model, the exclusion of low-quartz bedrock
contributions from production calculations, or the correction
for postdepositional 10Be production in the terrace. The outlier
is excluded from the regression because its residual is typically
outside the 95% conﬁdence interval of the t distribution.
[28] Neither the Late Pleistocene nor Holocene erosion rates
correlate with average drainage slope, probably because drain-
age-average slopes in the tributaries and along the trunk of
Quebrada Veldera are remarkably similar when calculated
using 30 m digital elevation data [NASA, 2006]. The mean
slope in the contributing area of the quebrada is 23.3°, and
the mean basin slope upstream from any sampling point never
deviates beyond the range from 22.0° to 25.0°.
4.3. Sediment Storage and Buffering Capacity
[29] The presence of ﬁll terraces in Quebrada Veladera is
clear evidence of sediment storage, which has the potential to
buffer 10Be concentrations [e.g., Wittmann et al., 2011a;
Davis et al., 2012]. We constrain the potential for buffering
in our samples by comparing the volume of sediment stored
in the stream channels to the total volume of sediment eroded
during the Tauca highstand, when the Q2 terrace formed. The
10Be concentrations provide a measure of the total volume of
eroded material. We assume a steady, uniform erosion rate of
55mm/kyr, which is the area-weighted mean erosion rate de-
rived from the Q2 terrace samples. At this rate, the total volume
of material eroded from the quebrada during 14 kyr of the
Tauca highstand (25 to 11 ka) was 0.24 km3. Using a combina-
tion of ﬁeld measurements and aerial imagery, we also
calculate the volume of the ﬁll below the Q2 terrace, prior to in-
cision, to be 0.022 km3. Approximately 10% of the total eroded
volume was stored as Q2 terrace ﬁll. This is a maximum value
because it does not account for the density contrast between
bedrock and ﬁll. The geologic map shows 13 km2 of
Quaternary alluvium in the quebrada, including the Q2 terrace
Figure 6. Plot of response ratio and drainage area. The re-
sponse ratio at each sampling site is equal to the Pleistocene
erosion rate divided by the Holocene erosion rate. With the ex-
ception of an outlier at S07, response ratio correlates with drain-
age area. The 10Be erosion rates are calculated from the
contributing drainage areas, meaning only the drainage areas
containing bedrock with signiﬁcant quartz content. This plot
uses the complete drainage areas because our interest is in land-
scape dissection. The trend holds regardless of this choice.
MCPHILLIPS ET AL.: LANDSCAPE RESPONSE TO CLIMATE CHANGE
2495
ﬁll (Figure 1). If this alluvium has an average thickness of 8m,
which is conservatively estimated from observations in the
ﬁeld, then the total volume of sediment in and around the mod-
ern channel is approximately 0.104 km3. Of this, 0.082 km3 of
sediment either predates the Q2 terrace ﬁll or accumulated
since its incision. We interpret this volume as a rough estimate
of the amount of sediment available for buffering at the time of
the Q2 terrace ﬁll deposition. In other words, the total volume
of eroded sediment exceeded the volume available for buffer-
ing by a factor of 3 or more.
5. Discussion
5.1. Pleistocene-Holocene Landscape Change
[30] In Quebrada Veladera, Late Pleistocene drainage-
average erosion rates are similar to corresponding Holocene
rates at the points in the channels with larger upstream drain-
age areas (typically those on the trunk stream). In contrast,
Late Pleistocene rates are usually higher than the Holocene
rates at the points with smaller upstream areas (typically tribu-
taries) (Figure 6). We interpret the differences to reﬂect spatial
variability in the rate of erosion through time. Although stored
sediment may have modestly buffered the apparent trunk
stream erosion rates, the amount of sediment stored in the
channel is relatively small, and prior work in other locations
suggests that only a fraction of stored sediment is available
for mixing [Kelsey and Lamberson, 1986; Wittmann and
Von Blanckenburg, 2009;Wittmann et al., 2011b]. In addition,
stochastic events, such as large landslides, probably do not
bias the erosion rates signiﬁcantly. Even the smallest tributary
has an area of 40 km2. The ﬂuvial character of the terrace
deposits and their polymict lithologies suggest that sediment
mixing was rapid and thorough. Combined with a modest
amount of storage along the channels, these observations
suggest that sediment delivered by large landslides is unlikely
to control measured 10Be concentrations and the erosion rates
derived from them [Niemi et al., 2005; Yanites et al., 2009].
[31] The negative correlation between response ratio and
drainage area suggests that smaller drainage areas are more
sensitive to climatic ﬂuctuations than larger ones (Figure 6).
In our interpretation, the climate became wetter and possibly
stormier at the onset of the Tauca highstand. This change
caused channel heads to migrate upslope, eroding hillslopes
and forming new channel segments [e.g., Reneau et al., 1986;
Montgomery and Dietrich, 1988; Rinaldo et al., 1995; Tucker
and Slingerland, 1997]. The mechanism for landscape dissec-
tion may have been a shift in the threshold for channel forma-
tion [e.g., Montgomery and Dietrich, 1988]. Smaller drainage
areas show higher Late Pleistocene erosion rates than larger
ones because smaller tributaries tend to have a higher propor-
tion of ﬁrst-order channels [Montgomery and Dietrich, 1992;
Montgomery and Foufoula-Georgiou, 1993].
[32] The sudden increase in sediment supply to the chan-
nels probably exceeded transport capacity, leading to the de-
position of the Q2 terrace ﬁll. Both the composition of the ﬁll
and the character of modern landscapes suggest that hillslope
erosion occurred in a large part by shallow slumps and debris
ﬂows. Many of these ﬂows were mixed into a braided stream
network prior to deposition, while some were preserved in
place. The overall ﬁning upward of the Q2 ﬁll (Figure 3) sug-
gests that sediment supply eventually waned, driving terrace
planation and incision.
[33] The uniform pattern of Holocene erosion rates is con-
sistent with a region of nearly uniform hillslope gradients.
With the return to arid conditions following the Tauca
highstand, the drainage network likely began annealing by
deposition in the channel heads. The spatial uniformity of
Holocene erosion rates may reﬂect a hysteresis in landscape
response. Channels are cut relatively quickly when the
threshold for channel formation decreases, but inﬁlling of
the channel heads may progress slowly after an increase in
the threshold [Montgomery and Dietrich, 1992].
[34] There is one outlier in our response ratio plot, which is
also consistent with drainage network expansion during the
Tauca highstand (Figure 6). The bedrock upstream from the
outlier at S07 is primarily andesite, shale, and limestone.
All three of these lithologies contribute very little quartz to
the sediment load, meaning that these areas are not repre-
sented by our samples. In fact, the only mapped exposures
of quartz-bearing granodiorite and tonalite in S07 are located
along the channel near the bottom of the drainage, where
channel heads are least likely to occur (Figure 1). A response
ratio<1 at S07 is therefore consistent with less erosion along
the channel—where granitic bedrock was exposed—during
the Tauca highstand. This is a plausible response if the drain-
age network expanded upstream into quartz-poor regolith
and then armored the downstream channel with quartz-poor
sediment [e.g., Sklar and Dietrich, 2001].
[35] We note that both our data and our interpretation are
consistent with a frequently applied conceptual model for
the formation of ﬁll terraces and alluvial fans. Generally,
this model holds that precipitation change destabilizes
hillslope sediment that drives aggradation around channels.
Eventually, streams plane the valley ﬂoors and incise both
terraces and fans. There are several possible drivers of
hillslope destabilization and subsequent incision, including
a decrease in mean annual precipitation [e.g., Bull, 1991],
an increase in mean annual precipitation [e.g., Owen et al.,
2006; Liu and Broecker, 2008; DeLong et al., 2008], and
an increase in the number of extreme storm events [e.g.,
McDonald et al., 2003; Keefer et al., 2003]. Despite its fre-
quent application, this conceptual model has rarely been
tested in the geologic record [Dorn, 2009; Enzel et al.,
2012]. Adequate tests are limited by geologic preservation,
the precision of dating methods, and independent con-
straints on past climate change.
[36] Coupled numerical models [e.g., Smith and
Bretherton, 1972; Rinaldo et al., 1995; Benda and Dunne,
1997; Tucker and Slingerland, 1997; Moglen et al., 1998;
Tucker and Bras, 1998; Lague et al., 2005] and studies of
modern landscapes [e.g., Reneau et al., 1986; Montgomery
and Dietrich, 1988, 1992; van der Beek and Bishop, 2003;
DiBiase and Whipple, 2011; Bookhagen and Strecker,
2012] have helped to circumvent the limitations of the geo-
logic record. Much of this work supports the hypothesis that
climate change drives landscape dissection by exceeding
thresholds for sediment transport or channel formation.
However, studies of modern landscapes are not necessarily
appropriate for understanding landscape responses in the
geologic past [e.g., Aalto et al., 2006; Enzel et al., 2012;
Ferrier et al., 2013]. Moreover, this work is often restricted
to small drainages in humid climates. Arid landscapes have
received less attention, prompting comparisons between
models and landscapes in substantially different settings
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[e.g., Steffen et al., 2009]. Reneau et al. [1986] use 14C
dating to show that 11 colluvial hollows in California have
ﬁlled only since the Late Pleistocene, indicating that collu-
vium was ﬂushed from the system around the Pleistocene-
Holocene transition. With the exception of this work,
our study presents the ﬁrst direct evidence of landscape
dissection following a change in precipitation over geo-
logic timescales.
5.2. Regional Comparison and Implications for Climate
[37] Many studies have examined the formation of alluvial
fans and terraces in the Altiplano and the Western Cordillera
beyond the Pisco River [Steffen et al., 2009]. The regional
coincidence of paleolake highstands with alluvial fan and
terrace formation suggests that increased precipitation drives
sediment from hillslopes into channels. Steffen et al. [2010]
link periods of deposition along the Majes River, south of
the Pisco, to a highstand from 98 to 120 ka, the Minchin
highstand, and the Tauca (speciﬁcally, the Coipasa) highstand.
Rigsby et al. [2003] and Farabaugh and Rigsby [2005] link
aggradation events on the Altiplano to the Minchin and
Tauca highstands, as well as to Holocene lake levels changes.
Clusters of landslide deposits in the northern Argentine
Andes were deposited during the Minchin highstand and a
Late Holocene highstand [Trauth et al., 2003]. Although not
all wet intervals are reported at each site, the regional
pattern shows deposition to be synchronous with wet intervals.
The complex response of landscapes to local differences in
environmental variables, such as weathering rate, may
explain the regional discrepancies in the depositional record
[Schumm, 1973].
[38] Our interpretation favors a precipitation change in the
Late Pleistocene that shifted the threshold for channel forma-
tion on the hillslopes. The frequency of extreme precipitation
events, or storminess, is often associated with threshold
changes [e.g., Reneau et al., 1986; Tucker and Slingerland,
1997; Harvey et al., 1999; McDonald et al., 2003; Molnar
et al., 2006]. ENSO is an appealing explanation for past
changes in storminess because historic El Niño events have
been shown to cause erosion and sediment transport on a
large scale [Keefer et al., 2003; Mettier et al., 2009; Abbühl
et al., 2010]. Near the Peruvian coast, Quaternary deposi-
tional events are often attributed to changes in the state of
ENSO [Sandweiss et al., 2001; Keefer et al., 2003; Ortlieb
and Vargas, 2003; Sandweiss, 2003]. These attributions are
most common in the Holocene, when records show the onset
of modern ENSO periodicity [Rodbell et al., 1999; Moy
et al., 2002], but several studies have pushed this interpreta-
tion back into the Late Pleistocene [Keefer et al., 2003; Rein,
2005; Makou et al., 2010].
[39] Despite evidence for changes in ENSO, we agree with
the interpretation of Steffen et al. [2009] and discount the role
of ENSO in the formation of the terraces of Quebrada
Veladera and the Pisco River. IRSL dates clearly link the
deposition of terraces T1 and T2 on the Pisco River (and there-
fore Q1 and Q2 in Quebrada Veladera) to the Minchin and
Tauca paleolake highstands (Table 1). There is evidence for
a change in ENSO behavior just after 12 ka, which overlaps
with the Tauca highstand [Keefer et al., 2003; Makou et al.,
2010]. However, this change was probably too late to effect
the T2 terrace, which has depositional ages from 24 to 16 ka
[Steffen et al., 2009]. Furthermore, although records indicate
that El Niño events have been particularly strong since 5 ka
[Rodbell et al., 1999; Keefer et al., 2003; Moy et al., 2002;
Makou et al., 2010], there is scant evidence for associated hill-
slope erosion, either as terrace deposition in the Pisco or
Quebrada Veladera or as accelerated erosion rates in
Quebrada Veladera. Finally, the terraces along the Pisco River
begin about 80 km from the coast, at an elevation of almost
3 km. This position is deeper into the mountain front than El
Niño events that typically penetrate [Mettier et al., 2009;
Abbühl et al., 2010], even in the north, where their modern ef-
fects are strongest [Lagos et al., 2008]. The position of the
Pisco terraces seems more likely to reﬂect changes in upland
precipitation, consistent with enhanced easterly winds [Steffen
et al., 2009, 2010]. Because of the close association of the
Pisco and Quebrada Veladera terraces, it seems likely that this
precipitation reached as far west as Quebrada Veladera.
[40] Although we minimize the role of ENSO, changes in
storminess could be important. Perhaps the climate was both
wetter and stormier during the Tauca highstand. However,
the proportion of precipitation delivered by extreme storm
events is usually lower in wetter climates than in drier ones
[Turcotte and Greene, 1993; Molnar et al., 2006]. Molnar
et al. [2006] note that in extremely arid regions, where almost
no precipitation reaches the ground, any increase in the
amount of precipitation will tend to drive stream incision. It
is possible that additional precipitation, delivered in many
moderately sized events, may have driven landscape dissec-
tion in Quebrada Veladera.
6. Conclusions
[41] In Quebrada Veladera, paired sampling allows for com-
parison of the 10Be erosion rates recorded by modern sedi-
ments with the paleoerosion rates recorded by quartz in
terrace sediments, which were deposited just after the Last
Glacial Maximum. The climate was substantially wetter at that
time, but Quebrada Veladera was probably never glaciated
[Klein et al., 1999; Smith et al., 2005]. As a result, the compar-
ison tests the response of a landscape shaped by stream and
hillslope processes to precipitation change. Downstream, near
the mouth of the quebrada, Late Pleistocene and Holocene
erosion rates are similar. However, smaller, upstream
tributaries record up to 80% faster erosion in the Late
Pleistocene. The spatially variable erosion response, character-
ized by stronger responses in smaller tributaries, suggests that
the drainage network expanded upslope during the Tauca
paleolake highstand, when the climate was wetter, tapping into
sediment stored on the hillslopes. With a return to arid condi-
tions, the drainage network gradually annealed. The climate
may have been stormier, as well as wetter, during the Tauca
highstand, but the timing and extent of terrace formation does
not suggest that ENSO variability had an important role.
Unlike other interpretations of the geologic record, ours pro-
vides direct evidence for landscape dissection and annealing
in response to climate change. This result supports widely used
conceptual models [e.g., Tucker and Slingerland, 1997; Dorn,
2009] and implies that smaller drainage areas are more sensi-
tive to climate changes than larger ones.
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